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Abstract

Background Few studies have been conducted on the rela-
tions between T1-weighted signal intensity changes in the
pediatric brain following gadolinium-based contrast agent
(GBCA) exposure.

Objective The purpose of this study is to investigate the effect
of multiple administrations of a macrocyclic GBCA on signal
intensity in the globus pallidus and dentate nucleus of the
pediatric brain on unenhanced T1-weighted MR images.
Materials and methods This retrospective study included 50
patients, mean age: 8 years (standard deviation: 4.8 years), with
normal renal function exposed to >6 administrations of the
same macrocyclic GBCA (gadoterate meglumine) and a control
group of 59 age-matched GBCA-naive patients. The globus
pallidus-to-thalamus signal intensity ratio and dentate nucleus-
to-pons signal intensity ratio were calculated from unenhanced
T1-weighted images for both patients and controls. A mixed
linear model was used to evaluate the effects on signal intensity
ratios of the number of GBCA administrations, the time interval
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between administrations, age, radiotherapy and chemotherapy.
T-test analyses were performed to compare signal intensity ratio
differences between successive administrations and baseline
MR signal intensity ratios in patients compared to controls. P-
values were considered significant if <0.05.

Results A significant effect of the number of GBCA adminis-
trations on relative signal intensities globus pallidus-to-thalamus
(F[8]=3.09; P=0.002) and dentate nucleus-to-pons (F[8]=2.36;
P=0.021) was found. The relative signal intensities were higher
at last MR examination than at baseline (P<0.001).
Conclusion Quantitative analysis evaluation of globus
pallidus:thalamus and dentate nucleus:pons of the pediatric
brain demonstrated an increase after serial administrations of
macrocyclic GBCA. Further research is necessary to fully
understand GBCA pharmacokinetic in children.

Keywords Gadolinium - Deposit - Pediatric - Brain - MRI

Introduction

In the last 2 years, several published studies have demonstrat-
ed the association between an increased signal intensity (on
unenhanced T1-weighted MR images in specific deep gray
matter regions and previous exposure to gadolinium-based
contrast agent (GBCA) administrations in patients with nor-
mal renal function [1, 2]. These observations were subse-
quently repeated by a postmortem study that used inductively
coupled plasma mass spectrometry on brain tissue from pa-
tients exposed to previous linear GBCA administrations,
confirming the presence of abundant gadolinium deposits in
the neural tissue interstitium and within the endothelial wall
[3]. So far, the published data have reported some differences
among GBCAs with different chemical structures: A T1-
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weighted signal intensity increase was mostly found in pa-
tients exposed to serial administrations of linear GBCAs com-
pared to macrocyclic ones and the difference has been attrib-
uted to the aforementioned different kinetic stabilities com-
pared to their linear counterparts [4—7].

Recently, three retrospective studies have determined the
presence of abnormal T1 hyperintensity in the dentate nucleus
and globus pallidus of children following repeated adminis-
trations of the linear GBCA gadopentetate dimeglumine, thus
confirming the results of adult studies. Therefore, it has been
recommended to use more stable macrocyclic GBCAs in chil-
dren who are considered at risk because of potential age-
related immature renal function [8—10].

The purpose of the present study was to investigate wheth-
er repeated exposure to multiple administrations of the mac-
rocyclic GBCA gadoterate meglumine (Dotarem; Guerbet,
Villepinte, France) could be associated with an increase in
signal intensity on T1-weighted sequences in specific brain
regions in a pediatric population.

Materials and methods
Patients

This study was conducted in accordance with the Declaration
of Helsinki and approved by the local institutional review
board. As the whole study was based exclusively on medical
records, the requirement to obtain informed consent from pa-
tients’ parents was waived.

All MR examinations with contrast media administration
acquired from June 2011 to June 2016 were reviewed. Data
were extracted from 256 consecutive children with at least 6
brain MR scans during the study period. The threshold number
of MR scans was chosen on the basis of previous findings [11].

As gadoterate meglumine is the only GBCA used at our
institution for all contrast-enhanced MR studies, irrespective
of a patient’s renal function, all patients included in the present
study were exclusively administered this GBCA.

Inclusion criteria were the presence of at least 6 consecu-
tive contrast-enhanced MR scans with exclusive administra-
tion of gadoterate meglumine alone, all MR scans were per-
formed with the same 3-T scanner at our institution and the
patients’ ages ranged from 2 years to 18 years. The limit of
2 years of age was chosen to exclude younger children with
incomplete myelination [12].

The number of patients not meeting inclusion criteria
was 127.

Exclusion criteria were the presence of edema, hemorrhage,
tumors or other lesions involving both globus pallidus or den-
tate nucleus, thalami or pons (n=8); the diagnosis of meningo-
encephalitis (n=5), neurofibromatosis type 1 (#=32) or multiple
sclerosis (n=12); missing or unsatisfactory
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unenhanced T1-weighted sequences (#=20), and the presence
of altered hepatic (n=1) or renal functions (n=1).

No patients had Langerhans cells histiocytosis or a history
of parenteral nutrition and none was affected by metabolic
disorders or malformations of the central nervous system.

The control group consisted of GBCA-naive subjects se-
lected from our electronic database. They all had one normal
non-contrast MR brain examination performed during the
same period of time (from June 2011 to June 2016) with the
same 3-T MR scanner as the patient group. Each control sub-
ject was matched to a patient for age (+ <1 year) at both first
and last MR examination within the age range of 2 years to
18 years. The presence of a normal MR examination was
considered the only inclusion criterion whereas the history
of GBCA exposure and presence of altered hepatic or renal
functions were exclusion criteria.

Abnormal liver function was defined by abnormal serum
concentrations of aspartate aminotransferase, alanine amino-
transferase, total bilirubin or y-glutamyl transpeptidase and it
was checked in medical records. Renal function was assessed
before each MR examination to screen for renal failure, which
was evaluated by calculating the estimated glomerular filtra-
tion rate from a blood sample. Estimated glomerular filtration
rate calculation was performed using revised Schwartz formu-
la [13]. Renal function was classified as normal (=90 ml/min/
m2) or abnormal (<60 ml/min//mz). According to institutional
policy, GBCA is administered only when appropriate for the
imaging study and is withheld from any patient with abnormal
estimated glomerular filtration rate, as defined above, unless
strictly necessary for diagnostic purposes.

For all patients, we ascertained their age, gender, number
and date of previous GBCA administrations, diagnosis and
clinical reason for brain MR, and their history of chemother-
apy and radiotherapy. Radiotherapy was defined as history of
radiation therapy to the brain.

Magnetic resonance imaging protocol

All brain MR examinations were acquired using a 3-T MRI
system (Skyra; Siemens, Erlangen, Germany), configured
with a 20-element head matrix coil. The standard brain MR
protocols with contrast administration varied according to
clinical indications, but all protocols included a pre-contrast
axial turbo spin echo T1-weighted sequence with the follow-
ing parameters: repetition time/echo time: 500-600 ms/9.9—
6.4 ms; section thickness: 3 mm; spacing: 0.3 mm; field of
view: 220 mm; matrix size: 256 x 256, flip angle: 138° and
echotrain: 42. Moreover, all brain protocols included axial
diffusion-weighted imaging sequences (repetition time/echo
time: 9,000 ms/98 ms; section thickness: 3 mm; spacing:
0.6 mm, field of view: 220 mm and matrix size: 192 x 192)
and axial T2-weighted sequences (repetition time/echo time:
8,600 ms/122 ms; section thickness: 3 mm; spacing: 0.6 mm,
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field of view: 220 mm and matrix size: 384 x 324). These
sequences were used to localize regions of interest (ROIs) as
explained thereafter.

Our institution’s MR safety policy for the reported risk for
gadolinium-related nephrogenic systemic sclerosis requires the
use of gadoterate meglumine at the standard dose of 0.1 mmol/
kg of body weight in all patients, administered intravenously.

Image and data analysis

Quantitative analysis was performed for all MR examina-
tions. All MR images were reviewed on Carestream
PACS, version 11.0 (Carestream Health, Inc.; Rochester,
NY U.S.A)).

Signal intensity measurements were obtained by applying a
circular ROI of 4-mm diameter within the globus pallidus, the
dentate nucleus, the thalamus and the pons to the unenhanced
T1-weighted images. ROI placement was agreed upon by
consensus of two readers (M.C.R.E. and L.F.-T. with 7 years
and 11 years of experience in neuroradiology, respectively)
blinded to clinical data and to the serial number of the MR
scan. In each subject, ROI measurement was conducted once
and always placed on the right side. If the right side could not
be assessed, then the left side was used (n=4 patients for
globus pallidus:thalamus measurement). BO images from ax-
ial diffusion-weighted and axial T2-weighted sequences were
always used to guide the correct ROI placement (Fig. 1).

Mean ROI values from the dentate nucleus, globus
pallidus, thalamus and pons were collected and globus
pallidus-to-thalamus signal intensity ratio and dentate
nucleus-to-pons signal intensity ratio were calculated.

Visual inspection of MR images was always done by the
two readers to check for T1 hyperintensity in the aforemen-
tioned brain regions.

Statistical analysis

Statistical analysis was performed using software PASW
Statistics, version 21.0 (SPSS, Chicago, I11.)

The data were tested for normality by using a Lilliefors test.

A mixed linear model was used to verify the effect of the
number of administrations on signal intensity ratios over time.
The variables included in the model were defined as follows:
signal intensity ratio (globus pallidus:thalamus or dentate
nucleus:pons) = number of administrations + age at the first
MR + chemotherapy (yes/no) + radiotherapy (yes/no) + time
interval between administrations (days) + intercept. The number
of administrations, age at first MR, radiotherapy (yes/no), che-
motherapy (yes/no) and the time interval between examinations
(days) were selected as fixed factors with intercept as a random
factor. Multiple paired #tests with Bonferroni correction were
performed to compare signal intensity ratio values at each ad-
ministration point versus the first administration (baseline).

The number of administrations for the mixed linear model
was limited to 9, as the number of patients with assessable
globus pallidus-to-talamus and dentate nucleus-to-pons and
more than 9 administrations was inadequate for statistical
comparison. Missing administration points were excluded by
case. For the mixed model, the output was presented with F
(degree of freedom = number of administrations) along with
the P-value associated.

In order to compare signal intensity ratios of first and last
MR examination as well as to compare baseline signal inten-
sity ratios in the patient group versus control group, a two-
sample #-test analysis was performed.

One sample #test was used to assess whether the slope of
the globus pallidus:thalamus and dentate nucleus:pons in-
crease, fitted with first order polynomial function, was differ-
ent from zero.

P-values were set at 0.05.

Results

The population included 50 patients, mean age: 8 years (stan-
dard deviation [SD]: 4.8 years, range: 2 years—18 years) and 59
controls, mean age 8.4 years (SD: 4.2 years, range: 2 years—
18 years).

Table 1 summarizes the characteristics of patients and
controls.

In patients who underwent posterior fossa surgery, dentate
nucleus:pons data were not assessed. Therefore, dentate
nucleus:pons evaluation was performed in 26/50 patients.

The mixed linear model analysis showed a significant effect
of number of GBCA administrations both on globus
pallidus:thalamus (F[8]=3.09; P=0.002) and on dentate
nucleus:pons (F[8]=2.36; P=0.021) (Fig. 2).

Age, the interval between administrations, radiotherapy
and chemotherapy did not have a significant effect on either
globus pallidus:thalamus and dentate nucleus:pons over time.

A paired t-test between the imaging at the ninth administration
and the baseline imaging in the patient group showed significant
differences in both globus pallidus:thalamus (P=0.04), evaluated
in 35 patients, and dentate nucleus:pons (P=0.001), evaluated in
20 patients.

A paired #test between imaging following the fifth adminis-
tration and the baseline imaging in the patient group showed
significant differences in the dentate nucleus:pons (P=0.012),
evaluated in 26 patients, but not in the globus pallidus:thalamus
(P=0.57), evaluated in 50 patients.

A significant difference between the first and last administra-
tion in both the globus pallidus:thalamus (P=0.004) and the den-
tate nucleus:pons (P=0.001) was observed, demonstrating higher
values in the last administration. Mean globus pallidus:thalamus
values at the first and the last MR examinations were: 1.06+0.04
(SD) and 1.0940.05. Mean dentate nucleus:pons values at the
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Fig. 1 Region of interest (ROI)
analysis at axial MRI in a 8 years
old boy. a-b For quantitative
analysis of globus pallidus-to-
thalamus signal intensity ratio,
ROIs were drawn in the globus
pallidus (white circle) and
thalamus (black circle) on
unenhanced T1-weighted images
(a) using BO images from
diffusion-weighted imaging (b) as
reference (arrow in Fig. 1b
indicates the globus pallidus). c-d
For quantitative analysis of
dentate nucleus-to-pons signal
intensity ratio, ROIs were drawn
on T1-weighted images (c) in the
dentate nucleus (white circle) and
pons (black circle) using BO
images from diffusion-weighted
imaging (d) as reference (arrow in
Fig. 1d indicates the dentate
nucleus)

i

first and last MR examinations were: 0.95 + 0.06 and
1.02+£0.06. No significant differences in baseline MR
globus pallidus:thalamus and dentate nucleus:pons be-
tween patients and controls were observed (respectively,

P =0.16 and P = 0.15) and mean signal intensity ratios
in the control group were 1.07 £ 0.05 for the globus
pallidus:thalamus and 0.9640.05 for the dentate nucleus:pons

(Fig. 3).

Table 1  Demographic and patient characteristics by group

Characteristic Patients (n=50) Controls (n=59)

Age (years) 8+4.8 (2-18)* 8.444.2 (2-18)

Male 32/50 (64%) 30/59 (51%)

Number of MRI examinations 10+£2.8 (6-18)* 1

Mean interval between first and 933.5+391.6 (235-1692)* N/A

last MR examinations (days)

Mean interval between MR 104+78.3 (1-532)* N/A

examinations (days)

Diagnoses Pilocytic astrocytoma of the posterior fossa (n=5), craniopharyngioma Headache (n=34), mental
(n=4), dysembryoplastic neuroepithelial tumour (n=1), IV ventricle retardation (n=15),
ependymoma (n=4), ganglioglioma (n=2), grade II astrocytoma epilepsy (n=10).
(n=1), grade III astrocytoma (n=3), glioblastoma (n=2), pineal
gland germinoma (n=4), acute lymphoblastic leukemia (n=2),
non-Hodgkin lymphoma (n=1), medulloblastoma (n=11), diffuse
intrinsic pontine glioma (n = 1), brainstem astrocytoma (n=1), brain
metastases from neuroblastoma (n=1), neurocytoma (n=1), primitive
neuroectodermal tumor (n=2), myeloid sarcoma (rn=1), cavernoma
(n=1), thabdomyosarcoma (n=1), pineoblastoma (n=1).

Brain radiotherapy 32 0

Chemotherapy 27 0

N/A not applicable

#Mean =+ standard deviation (range)
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Fig. 2 Signal intensity by increasing number of administrations of
gadoterate meglumine. The x-axis measures time (days) from the first
gadolinium administration. a Relative signal intensity globus pallidus-to-
thalamus (GP:T). b Relative signal intensity dentate nucleus-to-pons (DN:P)

The mean globus pallidus:thalamus (0.0042+0.0084) and
dentate nucleus:pons (0.020+0.048) slopes were significantly
higher than zero with P<0.001 and P<0.02, respectively.

At visual inspection, no significant hyperintense signal on
unenhanced T1-weighted images was observed in the patient
group after serial administrations of gadoterate meglumine.

Discussion

Our study showed increased globus pallidus:thalamus and
dentate nucleus:pons on unenhanced T1-weighted images in
children treated with more than six administrations of the
macrocyclic GBCA gadoterate meglumine, and we demon-
strated a significant effect of the number of GBCA injections
on signal intensity ratios. Both the globus pallidus:thalamus
and dentate nucleus:pons were not influenced by age at first
administration, radiotherapy and chemotherapy.

So far, only a few studies have been conducted in children
exposed to multiple administrations of the ionic linear GBCA
gadopentetate dimeglumine [8—10]. In these studies, authors
have demonstrated a significant increase in the dentate
nucleus:pons or globus pallidus:thalamus in the last MR exam-
inations compared to the first ones. Even though lacking in
histological confirmation, these findings support the hypothesis
of gadolinium deposition in specific brain regions after multiple
administrations of linear GBCA and replicate previous findings
in adults [5, 7, 14, 15]. Conversely, serial administrations of
macrocyclic GBCA in adults have not been associated with a
significant increase in signal intensity ratios on unenhanced T1-
weighted MR images in the above-mentioned brain regions
compared to linear GBCAs of the previous studies [5-7, 14].
These results corroborated the hypothesis that, due to their high
kinetic and thermodynamic stability, macrocyclic GBCAs are
probably less prone to dechelation and transmetallation, which
may ultimately contribute to gadolinium deposition in tissues
[16-18]. The only exception to these findings was the study of
Stojanov et al. [19] who observed significant differences in
both the dentate nucleus:pons and globus pallidus:thalamus in
patients affected by relapsing remittent multiple sclerosis (MS)
after serial administrations of the macrocyclic GBCA gadobu-
trol. However, Radbruch et al. [6] did not confirm these results
and several criticisms have been raised about Stojanov’s study,
especially concerning potentially confounding factors such as
possible patient exposure to linear GBCAs and the absence of a
control group without MS [6, 20].

Our results are not in line with the majority of findings in
adults. There are several possible explanations for these differ-
ences: compared to adult studies, we retrospectively selected a
population with a higher mean number of GBCA administra-
tions (mean: 10) and we excluded all those patients with known
previous exposure to other GBCAs. Possible differences in the
physiological T1 signal of gray matter structures between the
pediatric and adult brain have also to be considered. During the
first months of life, gray matter signal intensity increases over
time on T1-weighted MR images because of the physiological
myelination process, which is considered completed in the sec-
ond year of life [12]. To avoid this possible confounding factor,
in our study we did not included patients younger than 2 years
old. The average age of our patient population was 8§ years.
Moreover, in the control group, we did not observe any evident
T1 signal intensity increase related to the age range (2—17 years;
Fig. 3). The possible residual effect of age on signal intensity in
the patient group was considered in the statistical model and no
significant effect was found. Therefore, we assume that age
didn’t affect our findings.

More recently, another study was conducted in children
exposed to multiple administrations of the macrocyclic
GBCA gadoterate meglumine [21]. The authors did not
find any significant signal intensity increase in the popu-
lation after multiple administrations, thus confirming

@ Springer



1350

Pediatr Radiol (2017) 47:1345-1352

Fig. 3 Mean values of globus
pallidus-to-thalamus signal
intensity ratios (GP:T) and 7
dentate nucleus-to-pons signal 12
intensity ratios (DN:P) of patients ’
(PZ) at first gadolinium-based
contrast agent administration and
age-matched control group
(CTRL)

Signal intensity ratio
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previous findings in the majority of adult studies.
However, that study has several methodological differ-
ences from our study. First, the mean number of adminis-
trations is higher in our series (mean: 10 doses £ 2.8).
Second, since part of the patient cohort was exposed to
different GBCAs prior to the actual starting point (study
baseline) of the study, the real number of patients with
exclusive exposure to gadoterate meglumine and without
hyperintensities on T1-weighted images was lower (n=16)
than the present study. Moreover, the absence of an age-
matched control population never exposed to GBCA ad-
ministration does not allow testing for individual baseline
signal intensity differences. Lastly, in our series, we ex-
cluded all the disorders that could potentially be associat-
ed with an increase in Tl signal intensity such as
Langerhans cell histiocytosis [22].

Even though we never observed a clearly visible hyper-
intense signal on precontrast T1-weighted images, our
study suggests a relationship between the increase of signal
intensity in both the dentate nucleus and globus pallidus on
unenhanced T1-weighted images and the number of previ-
ous GBCA injections. A possible reason for this discor-
dance between qualitative and quantitative evaluation
might be the possibility of a deposition of other macromol-
ecules related to the GBCA administrations instead of free
gadolinium in the tissue. The increase in T1 signal inten-
sity becomes detectable at visual inspection because of the
effective relaxivity of the chemical form of gadolinium that
accumulates in the brain. We hypothesized that high doses
of macrocyclic GBCA in children might lead to a small
deposit of macromolecules in different forms compared
to those that deposit after linear GBCA administrations.
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The process by which gadolinium is deposited in the
brain is not known so far. The ICP-MS analysis used in
the majority of autopsy brain studies does not allow the
characterization of its chemical form in the tissue [23].
Therefore, we may speculate that only a consistent num-
ber of macrocyclic GBCA administrations might favor the
accumulation of substances that have still not been char-
acterized in the pediatric brain tissue as shown by the
small but significant signal increase seen in our study.
So far, only a few pathological-proven studies demon-
strating gadolinium deposition in cerebral tissues have
been published [24-26]. Among those, only Murata
et al. [26] demonstrated the presence of gadolinium reten-
tion in different brain regions of patients previously ex-
posed to macrocyclic GBCA. However, the authors re-
ported very low concentrations compared to those found
in patients exposed to linear agents and to gadolinium
concentrations of the bone tissue [26]. Therefore, if on
one hand these findings support the hypothesis that gad-
olinium retention in the brain after macrocyclic GBCA
administration is possible, on the other hand, they only
provide limited evidences in consideration of the small
population included and do not define the molecular spe-
ciation of the gadolinium deposited. Recently, in an
ex vivo animal study, Frenzel et al. [27] reported the pres-
ence of low gadolinium concentrations in the brain of rats
exposed to multiple administrations of macrocyclic GBCA
mainly consisting of soluble fractions that has been hypothe-
sized to represent the intact GBCA molecule.

The possible deposition of the intact molecule in mac-
rocyclic GBCA compared to other forms of deposition in
linear GBCA may account for the discrepancy between
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quantitative and qualitative results obtained. In fact, this
difference between macrocyclic and linear GBCA deposi-
tion may justify the discrepancy in their signal intensity on
T1-weighted MR images after multiple administrations:
The chemical form after macrocyclic GBCA exposures
might influence T1 relaxivity (rl1) thus leading to visibly
undetectable effect on the images, as we showed [28].

Our study has several limitations. First of all, this is a small
single-centre retrospective study, which included only onco-
logical patients. Generalization of results is therefore limited
for the presence of possible confounding factors such as radi-
ation therapy, chemotherapy and different treatment protocols.
However, in the statistical analysis, these clinical variables
have been included as fixed factors and did not show any
significant effect on signal intensity ratios over time.
Moreover, Adin et al. [29] did not show any effect of radio-
therapy on signal intensity ratios increased over time.
Secondly, similarly to the majority of previous studies on this
topic, we used a ROI-based method, which may be affected by
limitations due to the fact that ROI placing can be quite sub-
jective and not reproducible.

Moreover, we did not include a population exposed to
multiple linear GBCA administrations since gadoterate
meglumine is the only GBCA used for MR examinations
during the last 5 years at our institution. Finally, our re-
sults lack postmortem analysis demonstrating gadolinium
retention in neural tissues. So far, contrary to adult stud-
ies, gadolinium deposition has never been histologically
ascertained in the pediatric brain and further studies are
necessary to fill this gap.

To overcome these limitations and to favor possible com-
parison between different studies, it would be necessary to
conduct prospective longitudinal multicentre studies, possibly
using automatic or semiautomatic methods for regional mea-
surements or T1-mapping techniques and considering the en-
tire anatomical structures of interest.

Conclusion

This study shows that dentate nucleus and globus pallidus
signal intensity increases in children exposed to multiple
administrations of macrocyclic GBCA on unenhanced T1-
weighted images suggesting possible accumulation of
GBCA-related molecules. The clinical relevance of the
results provided in this field in both adult and pediatric
populations remains unclear and further studies are need-
ed to expand the knowledge of possible effects of
prolonged gadolinium exposure.
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